Here, we show that the Drosophila homolog of Pod-1, reveal novel activities for pod-1 and show that proper Dpod1, crosslinks actin and MTs in vitro. In S2 cells, levels of Dpod1, an actin/MT crosslinker, must be Dpod1 colocalizes extensively with newly assembled maintained in the growth cone for correct axon actin and often colocalizes with MTs that extend out to guidance.
Results

weakly homologous (19% identical, 44% similar) to the MT binding domain of MAP1B (GenBank accession QRMSP1), a MT-associated protein that suppresses MT Drosophila melanogaster Possesses a Single pod-1 Gene Expressed in the Nervous System instability (Noble et al., 1989). The C terminus of Dpod1 has no identifiable domain but is highly conserved (Fig-
When buffer alone or BSA (even at a 25-fold higher concentration) was added to the actin filaments, no bundling activity was observed ( Figure 2B , left), demonstrating that the activity was specific. Similarly, when taxol-stabilized fluorescent MTs were combined with purified Dpod1 HIS (80-100 nM Dpod1
HIS
; 500 nM MTs), we saw rapid crosslinking of MTs ( Figure 2C, right) , whereas no crosslinking occurred with buffer alone or with BSA-even at a 25-fold higher concentration (Figure 2C, left) . Thus, Dpod1
HIS possessed both actin and MT crosslinking activities.
When Dpod1 HIS (80-100 nM) was added simultaneously to phalloidin-stabilized fluorescent actin filaments (30-60 nM) and taxol-stabilized fluorescent MTs (500 nM), a dramatic crosslinking activity was observed in which actin bundles colocalized with MT bundles ( Figure  2D ). Significantly, when the same experiment was performed with purified ␣-actinin, a well-characterized actin bundling protein, actin aggregates were seen, but there was no bundling of MTs ( Figure 2E ). Thus, in vitro, Dpod1 could crosslink actin filaments and MTs, activities that are likely to be significant for the remodeling and coordination of actin and MT networks in dynamic cells.
Dpod1 Colocalizes with a Subset of Actin and MTs in Spreading S2 Cells
To test whether Dpod1 can remodel the cytoskeleton in cells, we began to study Dpod1 in S2 cells, a system that has recently been used to study cytoskeletal dynamics (Rogers et al., 2002). In S2 cells plated and spreading on concanavalinA-coated (conA) cover slips, especially those whose polymerizing ends were meeting the lamellar edge ( Figures 3E-3H ). In the rare cells that projected filopodia, Dpod1 accumulated to high levels persisted throughout embryogenesis. Western blot in those projections (comprised of actin bundles) and analysis with an anti-Dpod1 antibody (see Experimental colocalized with invading MTs (data not shown). This Procedures) on a 0-16 hr embryonic extract showed a subcellular localization was consistent with a molecule single ‫031ف‬ kDa Dpod1 band, indicating that a single playing a role in actin/MT interactions. form of Dpod1 was expressed during embryogenesis ( Figure 1G) .
Disruption of Actin Causes Relocalization of Dpod1 to MTs Purified Dpod1 Crosslinks Actin and Microtubules
To test whether Dpod1 can crosslink actin and MTs, To investigate the dependence of Dpod1's subcellular localization on actin and MTs, we treated cells with lawe purified soluble Dpod1 from a stable S2 cell line engineered to inducibly express full-length His-tagged trunculin, a drug that leads to the depolymerization of actin microfilaments, or nocodazole, a drug that causes Dpod1 (Figure 2A ). When purified Dpod1 HIS (80-100 nM) was added to fluorescently labeled phalloidin-stabilized depolymerization of MTs. Nocodazole did not change the subcellular localization of Dpod1 even when MTs actin filaments (30-60 nM), it rapidly (within minutes) induced the formation of long (20-50 m), mostly unwere completely depolymerized ( Figure 3L) ; thus, Dpod1 localization was independent of MTs. In contrast, latrunbranched actin bundles that frequently had bends or culin disrupted the actin cytoskeleton and caused Dpod1 in the interaction of actin and MTs in dynamic cellular structures. Dpod1 to lose its characteristic localization at the lamellar edge (Figures 3I-3K Figures 4C-4H) . Interestingly, Dpod1 was especially abundant at imporsignificant frequency of axon defects was revealed in the motorneurons by 1D4/FasII staining ( Figure 4I) ; at stage 16/17, Dpod1 concentrated at those points ( Figures 4C-4E and 5F-5H) in as well as by cuticle analysis of first instar larvae). Nonneuronal features of these embryos were also noreach ISN in all embryos we observed (n Ͼ 100). Careful The late pupal lethality of these mutants and the large ate germline clone (GLC) embryos that lacked all maternal Dpod1 (see Experimental Procedures). Although maternal contribution of dpod1 mRNA ( Figure 1C) Figure S2D at http://www.neuron.org/cgi/con-6, and see below). These axon guidance phenotypes Table 1 ). These and 6C). All embryos devoid of Dpod1 stained with 1D4/ ISN, SNa, and ISNb phenotypes were significantly resFasII (n Ͼ 100) displayed defects, indicating that the cued by postmitotic neural expression of Dpod1GFP phenotype was fully penetrant. These defects were sig- (Table 1) . nificantly rescued when these embryos were induced In summary, axons devoid of Dpod1 frequently demto express Dpod1GFP by elavGal4, a postmitotic neuralonstrated aberrant guidance with subsequent failure of specific driver ( Figure 5E , Table 1 no general problem with early axon outgrowth or extenTo more precisely determine the axonal phenotype sion out to navigational choice points. Moreover, growth by studying isolated nerves, we assayed motorneuron cone structure was not obviously disrupted, as filopodia projections by 1D4 staining of embryos lacking all were still seen ( Figure 5I ). Thus, Dpod1 was not required Dpod1. This analysis revealed frequent guidance defor filopodia formation in axonal growth cones, an imporfects in all the motorneuron projections that normally tant point since growth cone filopodia are required for target body wall muscles: ISN (Figures 5I-5K Figures 5I-5K, Table 1 ). This suggested that Dpod1 was required for the guidance of ISN growth cones apExcess Dpod1 Disrupts Axon Pathfinding proaching their targets but was not an essential factor Since Dpod1 was necessary for the fidelity of axon targeting and could remodel the cytoskeleton in S2 cells, in early axon outgrowth and extension. Normally, SNa cones leading to defective steering, branching, or extension.
Interestingly, staining of these embryos with 1D4 (even using rapid fixation to preserve filopodia) did not reveal an obvious difference in the number or shape of filopodia (data not shown), suggesting that Dpod1 overexpression had a more subtle effect on cytoskeletal networks in the growth cones than in the S2 cells.
Discussion
Pharmacological and cell biological studies indicate that coordination between actin and MTs is an essential feature of growth cone cytoskeletal dynamics; however, the molecular mechanism for crosslinking actin and MTs and regulating axon targeting in response to guidance cues remains unknown. Using a combination of biochemical, cell biological, and genetic approaches, we have shown dpod1 to be an essential component of this machinery. We first identified Dpod1 as a candidate actin/MT crosslinker by analyzing its primary sequence. We confirmed this predicted activity by purifying Dpod1 and demonstrating that it could crosslink actin and MTs in vitro. Within spreading S2 cells, Dpod1 localized to a subset of cortical/lamellar actin and MTs and depended on an intact actin cytoskeleton for its localization. Moreover, Dpod1 was able to dramatically remodel the cytoskeleton and influence cell shape; overexpression of Dpod1GFP induced long, dynamic, actin-rich, gether, these results suggest that Dpod1 is an actin/MT crosslinker that coordinates cytoskeletal dynamics to ensure the fidelity of axon targeting. we tested whether an overabundance of Dpod1 can disrupt axon targeting. Using two copies each of elavGal4 and UAS-Dpod1GFP, we overexpressed Dpod1GFP postDifferent Roles for Different Actin-MT Crosslinkers in Growth Cones mitotically in neurons and observed multiple, severe axon guidance defects in all axons examined (Table 1, kakapo/shortstop is an actin-MT crosslinker of the plakin family (for review, see Fuchs and Karakesisoglou, Figure 7 ). Longitudinal tracts in the VNC exhibited uneven fascicle shapes, abnormal trajectories, axon 2001) and is required for continued axon extension in Drosophila: embryos homozygous for severe kak/shot breaks, and fascicle collapse ( Figure 7B) . ISN exhibited defasciculation, overbranching, and choice point abnoralleles cannot project sensory axons more than a short distance from the soma and cannot direct motor axons malities ( Figure 7D , Table 1 (Table 1) . These defects were perhaps axons lacking kak/shot have adhesive defects or problems with the "clutch" mechanism that enables all consistent with cytoskeletal abnormalities in growth axons to grasp a substrate and extend (Jay, 2000; Suter sophila growth cones are extremely small; it remains possible that very careful live imaging may reveal a dyand Forscher, 2000). Although kak/shot may be required for axon targeting, its requirement for continued axon namic difference. Also, while expression levels in the overexpression embryos were high enough to alter axon extension precludes this knowledge.
In contrast, embryos lacking all Dpod1 can still extend targeting (presumably by affecting signaling and/or the cytoskeleton in a subtle or regulated way at choice but not target axons, perhaps because of turning and/or branching difficulties. Thus, Dpod1 and Kak/Shot have points), the levels achieved may not have been high enough to strongly affect cell shape. In fact, in the overdistinct functions. Additional data support the idea that Kak/Shot-but not Dpod1-plays a primary role in neuexpression embryos, we still observed specific Dpod1 localization to choice points-suggesting that the marite extension: while Dpod1 and Kak/Shot are both found at the tips of dendrites of lateral chordotonal neurons chinery that localizes Dpod1 was not saturated in spite of overexpression (data not shown). Thus, while high (see Supplemental Figure S1B pended in cold PBS ϩ 1% Triton-X100 ϩ 10 mM imidazole ϩ 1ϫ
